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Predicting the impacts of wind farms on seabirds:  
An individual- based model









































tions	or	 to	predict	 the	 impacts	 from	other	 types	of	 spatial	 change	 in	 the	marine	
environment.
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1  | INTRODUCTION
The	marine	 environment	 is	 under	 increasing	 pressure	 from	 anthro-
pogenic	activities	 including	overfishing,	climate	change	and	offshore	
developments	 such	 as	wind	 farms	 (Halpern	 et	al.,	 2012).	 These	 in-
stallations	 may	 enhance	 the	 environment	 by	 creating	 de	 facto	 no	
fishing	zones	(Inger	et	al.,	2009),	but	there	is	concern	about	the	neg-
ative	 impacts	 they	may	have	on	Europe’s	 breeding	 seabirds	 (Garthe	










and	Masden	 (2013)	assessed	that	Northern	gannets	Morus bassanus 
are	one	of	the	most	vulnerable	species	to	collision	mortality	from	wind	
farms,	although	empirical	evidence	suggests	that	gannets	often	avoid	




operating	and	 the	difficulty	and	cost	of	monitoring	 them	 (Fox	et	al.,	
























physiological	 state	 (Stillman,	 2008).	 Individual-	based	 models	 (IBMs)	
























other	 species	 of	 mobile	 marine	 organism	 and	 other	 environmental	
pressures.




ing	 colony	 (c.	 5,000	 pairs),	 on	 Les	 Etacs,	 Alderney,	 Channel	 Islands	
(49°42′N,	 2°14′W)	 during	 the	 early	 chick-	rearing	 period	 in	 June	of	
2011	 and	 2013–2015.	 Adults	 with	 chicks	 c.	 2–4	weeks	 old	 were	
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(Wakefield	et	al.,	2013).	The	tortuosity	index	was	calculated	as	a	ratio	
of	the	straight	line	distance	to	the	total	distance	travelled	over	a	16-	
min	 duration	 (Wakefield	 et	al.,	 2013).	 Individuals	 were	 defined	 as	
searching	where	GPS	points	had	a	tortuosity	index	of	<0.9	and	a	speed	
>1	m/s.	The	cells	 in	 this	grid	comprising	 the	 top	25%	of	 time	spent	








modelled	 independently	as	 the	number	of	 trips	 recorded	was	 insuf-
ficient	to	represent	the	home	range	of	the	population	(Warwick-	Evans	
et	al.,	2016).












model	 using	 NetLogo	 (Wilensky,	 1999).	 We	 describe	 the	 model	
using	 the	 overview,	 design	 concepts	 and	 details	 (ODD)	 protocol	
(Grimm	 et	al.,	 2010),	 and	 provide	 the	 script	 (Appendix	S1).	 Our	
model	 builds	 on	 the	 IBM	 for	 guillemots	 devised	by	 Langton	 et	al.	
(2014)	by	 incorporating	fine-	scale	characteristics	of	the	surround-




posed	wind	 farms	 in	 the	 English	 Channel	 and	North	 Sea	 (Figure	2;	
Appendix	S2)	may	impact	the	body	mass,	mortality	rate	and	breeding	
success	of	Northern	gannets.






































The	adults	 aim	 to	brood	a	 chick	 to	 fledging	while	maintaining	 their	
own	state	at	a	healthy	level.
Awareness and sensing
Adults	 have	 a	 memory	 of	 their	 behaviour	 during	 the	 previous	
timestep.	 They	 are	 aware	 of	 their	 own	 stomach	 content,	whether	
they	have	previously	been	full	during	the	current	trip,	 if	their	chick	
has	been	fed	and	if	 it	has	been	given	the	maximum	food	intake	for	
the	day.	 If	an	adult	 is	on	 the	nest	 they	are	aware	of	whether	 their	
partner	 is	 on	 the	 nest	 and	who	 has	 been	 there	 longer.	Adults	 are	
aware	of	how	much	food	is	in	the	patch	they	are	on,	the	probability	
that	they	should	forage	there	and	if	it	is	day-	or	night-	time.	In	avoid-














Enstipp,	 Siorat,	&	Grémillet,	 2010)	 that	 gannets	 fly	 straight	 through	
some	 patches	 (commuting	 behaviour),	whereas	 searching	 behaviour	
occurs	in	others.	The	behaviour	grid	gives	the	probability	of	a	gannet	
foraging	 there,	with	higher	probability	of	 foraging	 in	patches	where	
























Metabolic	rate	at	nest	(kJ	g−1 min−1) 0.0007 Birt-	Friesen	et	al.	(1989)
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Observation










The	attributes	of	patches,	 such	 as	 the	probability	of	movement	be-
tween	patches	(from	the	TIA	grid),	the	probability	of	heading	to	a	par-
















































































adults	with	 those	 from	our	 tracked	birds.	Additionally,	 the	proportion	
of	 the	 simulated	 birds	 performing	 each	 behaviour	 (on	 the	 nest,	 flying	
and	foraging	combined,	and	resting	on	the	water)	was	plotted	against	







using	 year-	specific	 tracking	 data.	 Both	 the	 baseline	 and	 the	 year-	
specific	models	were	run	in	the	presence	and	absence	of	wind	farms.	



























impacted	 most	 on	 the	 mortality	 rate	 and	 body	 mass	 of	 the	 adults	








age	 difference	 from	 the	 baseline	model.	 Subsequently,	 a	 best-	case	
and	worst-	case	 scenario	were	 simulated,	where	 all	 values	of	model	














































As	 the	size	of	 the	proposed	wind	 farm	sites	were	 increased	both	
adult	and	chick	mortality	increased,	with	a	much	greater	impact	when	
avoidance	behaviour	was	displayed,	particularly	when	 the	 size	of	 the	




















fish.	Even	 in	 the	unlikely	worst-	case	scenario	 that	all	model	param-
eters	were	inaccurate,	a	change	in	c.	30%	of	the	adult	body	mass	is	




The	 use	 of	 individual	 based	models	 to	 predict	 the	 effects	 of	 envi-
ronmental	change	is	a	powerful	tool	that	is	widely	used	in	many	dis-






































































Best case Worst case
Adult	mortality	(%) 0 0 0 0.02
Adult	mass	(kg) 3.3	±	0.21 3.3	±	0.28 3.3	±	0.23 3.3	±	0.24
Chick	mortality	(%) 0 0 0 0.04
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comprehensive	model	 yet	 to	 predict	 the	 impacts	 of	wind	 farms	 on	
seabirds;	a	spatially	explicit	model	which	incorporates	direct	interac-
tions	 between	 birds	 and	 the	 environment,	 including	 the	 availability	
of	prey	and	 intraspecific	 competition.	 It	 can	be	used	 to	predict	 the	
cumulative	impacts	of	changes	in	the	environment	on	seabird	popu-
lations.	 Baseline	 models	 accurately	 represented	 the	 behaviour	 and	
physiological	 state	 of	 Alderney’s	 Northern	 gannets	 (Figure	3),	 and	
model	 simulations	 successfully	 explored	 the	 potential	 impacts	 from	
Year Parameter Baseline Avoidance
Collision
Best case Worst case
2013 Adult	mortality	(%) 0 0 0.02 0.04
Adult	mass	(kg) 3.3	±	0.23 3.3	±	0.29 3.3	±	0.23 3.3	±	0.24
Chick	mortality	(%) 0 0 0.02 0.06
Chick	mass	(kg) 3.7	±	0.24 3.9	±	0.24 3.8	±	0.23 3.8	±	0.24
2014 Adult	mortality	(%) 0 0 0.01 0.08
Adult	mass	(kg) 3.3	±	0.23 3.3	±	0.28 3.3	±	0.23 3.3	±	0.24
Chick	mortality	(%) 0 0 0.02 0.08
Chick	mass	(kg) 3.7	±	0.24 3.7	±	0.24 3.7	±	0.23 3.7	±	0.23
2015 Adult	mortality	(%) 0 0 0.02 0.03
Adult	mass	(kg) 3.3	±	0.23 3.3	±	0.3 3.3	±	0.23 3.3	±	0.24
Chick	mortality	(%) 0 0 0.04 0.08
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environmental	change.	We	found	no	impact	of	proposed	wind	farms	
on	the	mortality	rate,	productivity	or	physiological	state	of	this	pop-




change	 in	physiological	state	 in	the	collision	risk	scenarios	 (Tables	4	
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gannets	 fly	 at	 a	 height	 with	 a	 risk	 of	 collision	 with	 a	 rotor	 (Cook,	
Johnston,	Wright,	&	Burton,	2012)	and	when	these	data	are	combined	



































The	size	 threshold	at	which	 the	 impact	of	wind	 farms	would	 re-
sult	in	high	seabird	mortality	is	likely	to	vary	between	seabird	colonies	
depending	on	the	size	and	quality	of	the	remaining	available	habitat	
after	wind	 farm	development,	 and	on	 the	 size	of	 the	 seabird	popu-







the	mass	 of	 chicks	 in	 the	model	was	 unaffected	 by	 these	 changes.	
This	 is	 because	 adults	 in	 the	model	 do	 not	 stop	 feeding	 the	 chick	






mortality	 than	 avoidance	 scenarios,	 as	 wind	 farm	 sites	 were	 more	
easily	avoided	without	large	alterations	to	energy	budgets	(Figures	5	
and	6).	The	highly	used	cells	 in	 the	model	 are	a	 result	of	both	high	


















tion	 specific	 to	 the	 focal	 colony	 is	 available	 it	 should	be	 incorpo-
rated	 into	 the	 model.	 Additionally,	 the	 chicks	 in	 the	 model	were	
very	sensitive	to	the	rate	of	digestion	by	adults.	Indeed,	this	again	
is	 unsurprising,	 given	 that	 the	 rate	of	 digestion	 is	 directly	 related	
to	 the	 amount	 of	 food	 available	 for	 the	 chicks.	 The	 rate	 used	 in	
the	model	was	derived	from	experimental	results	by	Jackson	(1991),	
thus	we	are	confident	is	a	fairly	accurate	representation	of	the	di-
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As	with	all	modelling	approaches,	assumptions	and	simplifications	
to	the	behaviour	and	life	history	of	modelled	species	were	made,	for	

















to	determine	 flight	heights,	 and	Cleasby	et	al.	 (2015)	proposed	 that	














Current	 approaches	 to	 assess	 the	 potential	 impacts	 on	 seabirds	
from	 proposed	wind	 farms	 are	 based	 on	 observations	 within	 wind	









the	cumulative	 impact	of	disturbances	within	 the	 foraging	area	of	a	
colony.	Although,	 the	model	was	parameterized	 for	breeding	adults,	
with	hatched	chicks,	 it	can	be	easily	adapted	for	other	individuals	 in	






Zurell	 et	al.,	 2015).	The	modelled	 inter-	annual	 variation	 in	 breeding	
performance	suggests	that	either	the	amount	of	prey	or	 its	distribu-
tion	 varied	 across	 the	 years.	 Modelled	 breeding	 performance	 was	
lowest	 in	2015,	with	 a	16%	 reduction	 in	mean	 fledging	mass,	 coin-



















stood,	and	 the	 tracking	data	 sufficiently	 represents	 the	home	 range	
of	 the	population	 (Soanes,	Arnould,	Dodd,	Sumner,	&	Green,	2013).	
We	demonstrate	that	this	is	a	strong	approach	and	should	be	imple-
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